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Abstract In this article, a physical model describing the
deformation behaviour of Twinning Induced Plasticity
(TWIP) steels has been extended to include the effect of
carbon content. The experimental validation and the anal-
ysis show that carbon mainly controls the maximum
number of dislocations piled up at the twin boundary,
resulting in the increase of back-stresses (i.e. kinematic
hardening) and therefore the work hardening rate. This
explanation seems to be in agreement with recent TEM
observations.
Introduction
It is now well known that among all the various possible
deformation modes in austenitic steels, Twinning Induced
Plasticity (TWIP) results in a significant increase of work
hardening rate even at large plastic strains [1, 2]. It has
been proposed that deformation twins increase the work
hardening rate by acting as planar obstacles for gliding
dislocations. During the last ten years, physical based
models have been developed specifically for high manga-
nese TWIP steels [3–7] to:
– compute the stacking fault energy as a function of the
chemical composition,
– describe the interaction between dislocation glide and
deformation twinning,
– predict the resulting high work hardening rate due to
dynamic microstructure refinement (dynamic Hall-
Petch effect).
In addition, it has also been shown that high manganese
austenitic TWIP steels exhibit a strong Bauschinger effect
(i.e. kinematic hardening) as observed by experiments by
Bouaziz et al. [8] and Gutierrez-Urrutia et al. [9], which
should be incorporated in physical models predicting work
hardening behaviour [10–12]. Thus, TWIP effect can be
also seen as a ‘dynamic composite’ where the volume
fraction of the reinforcement (twins) increases continu-
ously with the plastic strain [13].
Although it was possible to apply the existing modelling
to describe accurately the behaviour of a TWIP steel with a
given chemical composition, it seems much more difficult
to capture the evolution of the work hardening rate as a
function of the chemical composition [14, 15]. Recent
experiments show that the stacking fault energy is not the
only parameter controlling the mechanical twinning
behaviour and the work hardening rate of TWIP steels. For
Fe–Mn–C TWIP steels with similar stacking fault energy, it
is shown that the carbon content can affect the mechanical
twinning behaviour and the work hardening rate [14]. For
instance, Fe–30 wt%Mn has similar stacking fault energy
with Fe–22 wt%Mn–0.6 wt%C. However, Fe–30 wt%Mn
does not have significant mechanical twinning as demon-
strated by TEM study showing a well-developed disloca-
tion cells (Fig. 1a). On the contrary, extensive mechanical
twinning was observed in Fe–22 wt%Mn–0.6 wt%C
(Fig. 1b). The effect of C on the work hardening rate of
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TWIP steels is further confirmed by another TEM study,
which shows that one Fe–Mn–C TWIP steel and one Fe–
Mn–Si–Al TWIP steel with similar twin volume fraction
exhibit very different work hardening rate [15]. This TEM
study suggests that carbon content controls the dislocation
structure stored at the twin boundary, resulting in different
work hardening rates.
The aim of the present study is to capture the effect of
carbon on the work hardening rate of Fe–Mn–C TWIP
steels by extending a physical model proposed previously
[8]. In this purpose, the mechanical behaviours of several
TWIP steels with different Mn and C contents are analysed.
The Mn and C composition are selected to avoid the for-
mation of deformation induced martensite.
Model
During the plastic deformation of TWIP steels, the flow
stress r is composed of three parts [8]:
r ¼ r0 þ rf þ rb; ð1Þ
where r0 is the friction stress due to solid solution, rf is
related to isotropic hardening induced by dislocations and
rb is the back-stress related to kinematic hardening. rf can
be expressed by the Taylor relation:
rf ¼ aMlb ffiffiffiqp ; ð2Þ
where a is a constant describing the interactions between
dislocations, M is the Taylor factor, l is the shear modulus,
b is the magnitude of Burgers vector and q is the average
dislocation density.
The total plastic strain e in TWIP steels is induced by
dislocation glide and mechanical twinning, which is
expressed by the mixture law [8]:
de ¼ 1  Fð Þdeg þ MctdF; ð3Þ
where F is the twin volume fraction, eg is the strain
induced by dislocation glide, ct ¼
ffiffiffi
2
p

2 is the shear strain
induced by twinning.
The back stress rb is expressed as [8]
rb ¼ M lb
L
n; ð4Þ
where L is the geometrical length scale of the
microstructure and n is the number of dislocation piled
up at the boundaries (twin or grain boundaries). L is
expressed as
1
L
¼ 1
d
þ 1
t
; ð5Þ
where d is the grain size and t is the mean twin distance.
According to the stereological analysis of Fullman [16], t is
linked to the twin volume fraction F and the twin thickness
e (assumed being a constant):
t ¼ 2e 1  Fð Þ
F
: ð6Þ
The number of dislocations piled up at the boundary, n, is
evolving with deformation as [8, 17]
dn
deg
¼ k
b
1  n
n0
 
ð7Þ
where k is the mean spacing between slip bands and n0 is the
maximum number of dislocations piled up at the boundaries.
(a) (b)
Fig. 1 a Bright-field image of
Fe–30Mn deformed up to 20%
in tension showing well-
developed dislocation cell-like
structure and b Dark-field image
of Fe–22Mn–0.6C after 50%
strain and showing extensive
mechanical twinning [14]
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The evolution of the dislocation density can be descri-
bed by the modified Kocks-Mecking model [17, 18] as
dq
deg
¼ M 1  n=n0
bL
þ k
b
ffiffiffi
q
p  f q
 
; ð8Þ
where k and f are constants. The first two terms in the
bracket of Eq. 8 describe the dislocation generation while
the third term is the dislocation annihilation.In the absence
of a valid physical expression, an empirical law was chosen
to describe the evolution of twin volume fraction F, which
can be expressed as
for e [ einit; F ¼ F0 1  eb eeinitð Þ
 m
ð9Þ
where einit is the critical strain at which mechanical twin-
ning begins, F0 is the maximum volume fraction of
mechanical twins, b and m are constants. Soulami et al. [7]
recently also proposed a model to predict the evolution of
twin volume fraction, which is similar to the models used
for the martensitic transformation in TRIP steels.
Results and discussion
Figure 2 presents the experimental results of tension at
room temperature of the selected TWIP steels with dif-
ferent chemical composition. The mean grain size of all
materials is about 20 lm. The model predictions, Fig. 3,
show good agreement with experimental observations.
Referred to the model, all parameters used in the present
calculation are shown in Table 1. Except for n0 (the maxi-
mum number of dislocations which can pile up at the
boundaries) other parameters used in the calculation are the
same for all the alloys. The chemical composition and n0
value for each alloy are also indicated in Fig. 3.
It is noted that Fe–30Mn alloy (in Fig. 3c) does not have
any twins during deformation as shown by TEM (Fig. 1b).
In the current model prediction, the twin volume fraction is
therefore set to zero for Fe–30Mn alloy. It is worth noting
that the model can predict well the stress–strain behaviour
by using the same k (forest hardening) and f (dynamic
recovery) value for all alloys in Fig. 3, which suggests that
the chemical composition has very little effect on the forest
hardening and dynamic recovery.
Fig. 2 Tensile behaviour of TWIP steels for a wide range carbon and
manganese contents (Fe–30Mn–1C: data from the literature [19], Fe–
12Mn–1.2C: data from the literature [20], Fe–30Mn: data from [21],
other data from the literature [14]). The chemical composition is in
weight percent
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Fig. 3 True stress–true strain curves of TWIP steels for a wide range
carbon and manganese contents deformed at room temperature and a
strain rate between 10-4 and 10-3 s-1
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It can be seen that the effect of chemical composition on
the work hardening behaviour of TWIP steels can be well
captured by the model by fitting one physical parameter n0, i.e.
the chemical composition dependence of n0. Figure 4a dem-
onstrates the relationship between n0 and C content. n0 seems to
increase with the C content as shown in Fig. 4a. This can be
explained by the fact that the intrinsic properties of the
mechanical twins are related to the C content, which has been
confirmed by TEM using two TWIP steels namely Fe–28Mn–
3.5Si–2.8Al and Fe–20Mn–1.2C [15]. The TWIP steel with C
content shows the mechanical twins full of sessile dislocations,
which are very strong obstacles for dislocation pile-up, while
the TWIP steel without C content produces mechanical twins
without any sessile dislocation. Thus, it could be expected that
higher C content could lead to more sessile dislocations in
mechanical twins which are stronger for dislocation pile-up.
Therefore, n0 increases with the C content.
However, the Mn content seems to have very little effect
on n0, which is similar to the effect of C and Mn on the
friction stress as reported in the literature [14]. It is also
interesting to illustrate that n0 seems to increase with r0
(Fig. 4b). The reason why n0 increases with r0 could be
explained as a TWIP steel with a higher r0 value may
exhibit stronger twins which are more effective as obsta-
cles for dislocation movement as demonstrated by the
recent TEM study [15].
Summary
The present study extends a previous physical model to
include the effect of carbon content on the work hardening
behaviour of a wide range of Fe–Mn–C TWIP steels. The
model captures well the effect of carbon by adjusting one
physical parameter n0 meaning that carbon mainly controls
the maximum number of dislocations piled up at the twin
boundary. Higher carbon content leads to more dislocations
piled up at the twin boundary, resulting in higher back-
stresses (i.e. kinematic hardening) and therefore higher
work hardening rate. This analysis seems to be in agree-
ment with recent TEM observations [15], but future
researches are required to provide more insight information
to understand such a dependence.
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Table 1 Parameters used in the current calculation
Parameters Physical meaning Value
l Shear modulus 65 GPa
b Burgers vector 2.5 9 10-10 m
M Taylor factor 3.06
a Mean dislocation strength 0.4
k Forest hardening 0.025
f Dynamic recovery 2.8
k Mean spacing between slip bands 1266b
F0 Maximum volume fraction of Twins 0.2
e Twin mean thickness 30 nm
einit The critical strain at which twinning
begins
0.03
b – 3
m0 – 2
Only three parameters (k, f and einit) used in the current calculation are
slightly different to the ones used in the literature [8]. Other param-
eters are obtained from the literature [8]
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Fig. 4 a Relation between n0 and C content; b relation between n0
and r0
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